[1] Using a finite element method for elastoplastic dynamic analysis, we examine the effects of a low-velocity fault zone (LVFZ) surrounding a fault on a spontaneous dynamic earthquake rupture. A Mohr-Coulomb failure criterion is used to characterize nonelastic off-fault response to earthquake ruptures. We find that the presence of a LVFZ alters the distribution of off-fault plastic strain and results in larger final slip and larger peak slip velocities on the fault. These effects show a LVFZ-width dependency. A supershear (relative to the shear wave velocity of country rocks) rupture transition is observed with a LVFZ width of 400 m or larger (up to 2 km). The presence of a LVFZ increases the amplitude of ground shaking at stations within the LVFZ and induces high-frequency oscillations at stations within and near the LVFZ. Citation: Duan, B. (2008), Effects of low-velocity fault zones on dynamic ruptures with nonelastic off-fault response, Geophys. Res. Lett., 35, L04307,
Introduction
[2] Low-velocity fault zones (LVFZs) have been detected by fault-zone trapped waves along the San Andreas Fault (SAF) [e.g., Li et al., 1990 Li et al., , 2006 , the San Jacinto fault [Li and Vernon, 2001] , the North Anatolian fault , the rupture zones of the 1992 Landers [e.g., Li et al., 1994; Peng et al., 2003] , the 1995 Kobe [Li et al., 1998 ], and the 1999 Hector Mine [Li et al., 2002] earthquakes. The LVFZ along the Parkfield segment of the SAF is about 200 m wide with a reduction in shear wave velocity of 20%-40% on average relative to surrounding wall rocks [e.g., Li et al., 1990 Li et al., , 2006 . This LVFZ has been confirmed by the results of the SAF Observatory at Depth (SAFOD) drilling and logs [Hickman et al., 2005; Ellsworth and Malin, 2006] . The LVFZs inferred from trapped waves have a good correspondence with tabular damage zones observed at field sites on exhumed faults, such as the Punchbowl fault [Chester and Chester, 1998; Schulz and Evans, 2000] and the San Gabriel fault [e.g., Chester et al., 1993] . Recent geodetic studies on the coseismic deformation of fault zones induced by nearby major earthquakes also reveal that the fault zones are mechanically distinct from the ambient crustal rocks, but with a larger width of a few kilometers [Fialko et al., 2002; Fialko, 2004; Hamiel and Fialko, 2007] .
[3] Effects of LVFZs on dynamic ruptures were examined by Harris and Day [1997] using dynamic rupture models with an assumption of linearly elastic off-fault response. However, stress associated with the rupture front can be high enough to cause off-fault material failure [e.g., Poliakov et al., 2002] . Li et al. [2006] observed a net decrease of at least 2.5% in the shear wave velocity within the LVFZ of the SAF due to the 2004 M6.0 Parkfield earthquake, suggesting nonelastic response of the LVFZ to the coseismic rupture. Nonelastic off-fault response in the form of Mohr-Coulomb plastic yielding has been incorporated into spontaneous dynamic rupture models recently [e.g., Andrews, 2005; Duan and Day, 2006; Templeton and Rice, 2006] . These models have shown that off-fault plastic yielding has large effects on rupture dynamics, such as slip velocity on a fault being limited by off-fault plastic yielding. But LVFZs have not been included in these models. LVFZs are expected to have effects on off-fault plastic yielding, and thus on dynamic ruptures in a manner probably different from that revealed by Harris and Day [1997] . In addition, effects of LVFZs on near-field ground motion have not been explicitly examined. This study is to examine effects of LVFZs on rupture dynamics and near-field ground motion with off-fault elastoplastic response.
Method and Model
[4] We use a finite element code [Duan and Day, 2006] to simulate a spontaneous dynamic rupture on a fault surrounded by a LVFZ and wave propagation in an elastoplastic medium. A general description of an earlier version of the code has been given by Duan and Oglesby [2006, 2007] , which solves an elastodynamic problem with a linearly elastic medium. The modification to this earlier version of the code is to allow material in the medium to yield when the stress state reaches a Mohr-Coulomb yield condition. The criterion is given by t c À s n tan , where t and s n are shear and normal (positive in tension) stresses in any orientation at a point in the medium, c and are cohesion and the internal frictional angle. The implementation of plastic yielding in the code follows Andrews [2005] and the code has been verified against Andrews [2005] on an identical faulting model. A linear slip-weakening friction law with a critical slip distance of D 0 [e.g., Ida, 1972; Andrews, 1976; Day, 1982] is used to govern the spontaneous rupture propagation on the fault in this study.
[5] We work on 2-D plane strain problems in the x-y plane (see the inset of Figure 1a ). The relevant stress components are s xx , s yy and s xy . A 20-km long fault is modeled as a planar frictional surface embedded in an elastoplastic continuum. The fault bisects a LVFZ with a width of w. We vary w to examine width-dependence of LVFZ effects. The case of w = 0 m is the reference model in which material is homogeneous and elastoplastic. Static and dynamic frictional coefficients on the fault are 0.6 (except at the ends) and 0.4, respectively. A very high static frictional coefficient is assigned at the two ends of the fault to stop the rupture. Right-lateral fault slip is assumed in this study. A uniform stress field is assigned in the entire model with s xx = s yy = À100 MPa and s xy = 50 MPa. Table 1 gives material properties in the medium. A velocity reduction of 30% in the LVFZ is chosen based on the observations along the SAF at Parkfield [Li et al., 2006] . The stress level and cohesion for country rocks correspond to a depth of about 6km [Ben-Zion and Shi, 2005] . Within the LVFZ, internal friction and cohesion are chosen to be smaller than those of country rocks, based on the observation that a higher level of fracture density is usually associated with a fault damage zone [e.g., Chester et al., 2005] .
[6] Rupture is initiated artificially within a nucleation patch (a half length of 750 m in this study) in the middle of the fault, by forcing rupture to grow bilaterally at a fixed speed and dropping the frictional coefficient from static to dynamic values. Outside of this nucleation patch, the simulated rupture propagates spontaneously. Square elements with a side length of 10 m are used in the main region surrounding the fault. A much larger buffer region within which the element size increases by a ratio of 1.02 away from the main region is used to prevent reflections from the model boundaries from contaminating results we will examine. A slip-weakening critical distance value of 0.2 m is chosen to ensure good resolution of the cohesion zone at the rupture front for the given 10 m element size. Simulations are terminated at 8 seconds.
Results
[7] Figure 1 shows the distribution of plastic strain magnitude for six cases with different LVFZ widths. Different scales among subplots in the y axis are used for clearer illustrations. Also notice that the scales in the x and y axes are different in each subplot. The fault is along y = 0 m and runs between x = À10 km and 10 km. Figure 1a is the reference case in which the LVFZ is excluded (w = 0 m). The features reported by Andrews [2005] are obtained in this case: Under the given initial stress condition, plastic yielding occurs only on the extensional side of the (right-lateral) rupture; the magnitude of plastic strain is largest adjacent to the fault, and it decreases smoothly away from the fault with a thickness proportional to rupture propagation distance. Strong plastic strain bands associated with the fault ends reflect significant nonelastic deformation due to sudden stop of rupture.
[8] The presence of a LVFZ alters the above features significantly and the LVFZ width has obvious effects on the distribution of plastic strain. Under the given Mohr-Coulomb parameter values in LVFZs and country rocks (Table 1) , plastic yielding is limited within the LVFZ in the cases of a wide LVFZ (w ! 400 m), while it penetrates into country rocks in the cases of a narrow LVFZ (w 200 m). The cases of w = 100 m and 200 m exhibit a similar pattern of the plastic strain distribution with the following features: (1) the largest plastic strain magnitude occurs adjacent to the LVFZ/country-rock boundary, not adjacent to the fault (y = 0 m), (2) plastic yielding occurs in both the LVFZ and surrounding country rocks, and (3) the thickness of plastic yielding zone in country rocks is proportional to rupture propagation distance. At the fault ends, strong plastic yielding along the boundary extends several km beyond the fault ends and weaker plastic yielding occurs on the compressional side of 
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the fault. With a LVFZ width of 400 m or larger, plastic yielding occurs only within the LVFZ. Plastic strain tends to develop within the LVFZ in a similar trend to that in the reference case. However, this trend is interrupted due to a supershear rupture (faster than the shear-wave velocity of the country rock) transition as shown in Figure 2 .
[9] Figure 2 shows rupture time along the fault strike for the six models. We define rupture time as the moment at which the shear stress reaches the yield stress (the product of the frictional coefficient and normal stress) at a point on the fault. In the reference case (w = 0 m, black curve), rupture speed approaches the Rayleigh wave speed of the country rock (Vr 1 ) at the end of the rupture. A narrow LVFZ (i.e., w = 100 m and 200 m, blue curves) slows down the rupture a little. For widths of 400 m or larger, the rupture velocity first slows down at the early stage and then becomes supershear (relative to the shear wave velocity of the country rock) after a certain propagation distance that is proportional to the LVFZ width. For example, the transition occurs at rupture propagation distances about 3 km with w = 400 m, about 4.5 km with w = 1000 m, and about 8 km with w = 1800 m. This transition in rupture speed causes the interruption of off-fault plastic strain generation discussed above. A rupture jump can be also observed in the cases of w = 1000 m and 1800 m. The supershear transition and the rupture jump must be a result of complex interference between dynamic stresses at the rupture front and ahead and stress waves reflected from the LVFZ/country-rock boundary. This interference appears LVFZ-width dependent. The supershear transition due to the reflected wave effect was also observed in the elastic analysis by Harris and Day [1997] .
[10] Fault slip at the end of simulations of 8 s (at which slip does not increase obviously, thus it may be considered as the final slip) are compared in Figure 3 . It is clearly seen that the final slip increases with the LVFZ width. The maximum slip in the case of w = 1800 m (about 7.8 m) is about 1.4 times of that (about 5.6 m) in the reference case (w = 0 m). If the increase in fault slip with the LVFZ width can be mainly attributed to the trapped energy within the LVFZ, this result indicates more energy will be trapped within a wider LVFZ. The presence of a LVFZ also results in larger peak slip velocity (not shown) on a fault. Furthermore, a LVFZ with a width of 200 m or wider causes peak slip velocity to fluctuate with the rupture propagation distance, maybe due to effects of reflected waves from the LVFZ/country-rock boundary. This feature is different from the reference case (w = 0 m) in which peak slip velocity increases quickly with rupture propagation distance at the early stage of rupture and then levels off due to off-fault plastic yielding.
[11] Figure 4 shows x-and y-velocity seismograms at 3 stations from three models with different LVFZ widths. The location of stations can be found by referring to Figure 1 . Due to supershear rupture in the case of w = 400 m, waveforms from this model are significantly different from the other two, with a much higher peak value in the x component and a lower peak value in the y component at the same station. Under the condition of subshear ruptures on the fault, the presence of the LVFZ enhances the (Table 1) are illustrative, but the cohesion contrast may be more realistic than this test model, given the observation of a higher level of fracture density in a damage fault zone [e.g., Chester et al., 2005] . If the magnitude of plastic strain can be a proxy for coseismic damage, then the observations of reduction in wave velocity coseismically along the SAF at Parkfield [Li et al., 2006] may place some constraints on the MohrCoulomb parameters. We plan to explore this issue in the future.
[13] Compared with planar fault models with off-fault homogeneous material [Andrews, 2005] , a narrow LVFZ (i.e., Figures 1b and 1c ) may cause the maximum plastic strain to occur away from the fault and a wide LVFZ (i.e., Figures 1d, 1e , and 1f) may spatially limit plastic yielding within the LVFZ.
[14] Given the rupture propagation distance of about 10 km and the range of the LVFZ width from 0 km to 2 km, a supershear transition of spontaneous dynamic rupture is observed in the models with a LVFZ width of 400 m or larger. This trend of the transition is consistent with the observation by Harris and Day [1997] in which off-fault response is elastic. However, they reported a larger LVFZ width (800 m) for this transition to occur, maybe due to different off-fault material responses. We also observed in our models (not shown), similar to that reported by Harris and Day [1997] , that the presence of the LVFZ induces high-frequency oscillations in the slip function near the rupture front. Final fault slip increases with the width of the LVFZ, which was not reported in the previous study. This may indicate that kinematic source inversions need to take the fine fault zone structure into account in order to more accurately invert for slip distribution on the fault. Compared with the case without a LVFZ, peak slip velocity on the fault with the presence of a LVFZ is usually larger and fluctuates along the fault strike due to complex interference between trapped waves and fault rupture propagation.
[15] In the case of subshear rupture propagation on the fault, the presence of a LVFZ increases the amplitude of ground shaking at stations within the LVFZ and induces high-frequency oscillations at stations within and near the LVFZ. In the case of supershear rupture propagation due to the presence of a wide LVFZ, near-field ground motion is dramatically modified.
